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nv   CI.ARA   C.    I1KNS<1N 

In  this  paper,  winch  may  be  regarde<l  as  a  se<nicl  t<.  itiy  tx 
perinicnts  on  the  rate  of  oxi.lation  of  f.irous  salts  by  c  .r.,u.,c 
aci.l.•  ami  to  thoseof  Mr.  R.  K.  DeU.ry'  on  thcoxi.lat.ou  of  iH.las- 
sinin  io<li<le  bv  the  same  substance,  I  have  .letermine<l  the  effect 
of  the  concentrations  of  the  reagents  on  the  rate  of  oxi.litinn 
of  ferrous  sulphate  and  of  potassium  iotlide  in  solutions  contain- 

inc  l)oth.  ■       .1 

After  describiuR  the  metluxl  of  workiuR,  and  arrauKiin;  the 
results  of  the  measurements,  I  have  made  use  of  them  to  discuss 
the  various  theories  put  forward  (in  advan-^  of  rate  mcaM.rc- 
ments)  to  account  for  the  Rreat  acceleration  often  exerted  by 
iro.i  salts  on  reactions  involviuK  oxidation. 

Of  these  the  favorite  is  the  "Peroxide  Theory",  accorduiR 
to  which  the  primary  product  of  the  oxidation  of  iron  is  a  per- 
oxide,  which  subsequently  breaks  down  into  ordinary   ferric 
salts,  transferrinR  part  of  its  oxygen  to  other  chemicals  ("  ac- 
ceptors ")  in  the  process.     I  have  not  been  able  to  reconcile  the 
results  of  my  measurements  with  the  coiise(iueiices  of  this  theory. 
Finally,  without  cxpressiiiR  an  opinion  on  the  custom  of 
"explaining"  .he  kinetics  of  chemical  systems  by  inventing  re- 
actions where  the  formuUi-s  are  related  to  the  rates  by  certain 
rules,  I  have  endeavored  to  comply  with  the  fa.shi«n  of  the  day 
by  setting  up  a  theory  of  my  own  — the  "  Fcrroiodion  Theory' 
_  which  can  be  brought  into  accord  with,  the  main  results  of 
the  rate  measurements. 

The  experiments  of  the  present  paper  have  all  l)ecn  car- 
ried out  at  zero  ;  a  few  at  higher  temperatures,  which  show  that 

'  Jour.  Phys.  Chem.  7,  i  (1903)- 
'  Ibid.  7,  »39  ('9°3^- 


Clara  C.  liinson 


the  rate  of  liboralioii  of  iodine  is  decreased  bv   laisiiip   the  teiii- 
IH?ratiire,  will  he  j)iil)lislied  separately. 

Method  of  working 

Tlie  method  of  carrying  out  the  experiments  was  much  the 
same  as  that  emploxed  in  my  measiirements  of  the  rate  of  oxi- 
dation of  ferrous  sulphate.  When  the  standardized  solutions 
had  l)een  cooled  to  o°  in  wash-bottles  clamped  in  the  therino- 
•stat,  the  amounts  nece.s.sary  for  an  experiment  (uxi  to  200  cc 
arid,  100  to  300  cc  bichromate,  50  cc  oxidation  product,  5  to  30 
cc  i)ota.ssium  iodide),  were  blown  into  measuring  fla.sks  or  pipetted 
out,  and  mixed  with  the  proper  quantity  of  water  in  a  beaker 
suspended  in  the  bath."  The  whole  was  well  stirred,  the  fer- 
rous sulphate  (measured  in  a  i  cc  pipette  divided  into  i/icxj  cc, 
and  diluted  with  kxj  cc  water  in  a  Ne.ssler  tube)  was  poured  in, 
and  a  stopwatch  was  .set  in  motion  by  pressing  on  a  pedal. 

At  the  expiration  of  the  desired  interval,  10  cc  of  a  half- 
saturated  .solution  of  ammonium  I)icarbonate  was  poured  in  from 
a  test-tube,  5  cc  of  a  filtered  i  percent  starch  .solution  was  added, 
and  the  iodine  was  determined  by  n  100  sodium  arsenite  drojv 
ping  .slowly  from  a  burette  (i  cc  jier  minute);  a  Witt  stirrer 
kept  the  contents  of  the  beaker  well  mixed. 

By  adding  alternate  drops  of  «;ioo  iodine  and  arsenite 
solutioi'  the  end-point  could  be  determined  within  0.05  cc. 
Duplicates  however  often  differed  more,'  although  the  probable 
error  in  individual  experiments  does  not  exceed  5  percent.  This 
includes  the  uncertainty  in  the  end-point,  and  the  errors  in  the 
four  burette  readings  and  in  measuring  out  the  requisite  volumes 
of  water  and  of  five  reagents ;  the  extreme  variation  in  the  tem- 
perature of  the  reacting  mixture  never  reached  0.5"^  C. 

Owing  to  the  small  amount  of  iodine  liberated,  an  uncer- 
tainty of  two  or  three  drops  of  arsenite  represents  a  greater  per- 

'  The  potas.siuiii  iodide  was  diluted  with  100  cc  water,  and  added  la.st, 
just  before  the  ferrous  sulphate. 

'  I"or  instance,  Cr,  20 cc  ;  .•/(•,  10  cc  ;  A'/,  Jo  cc  ;  Ox,  5  ;  /",  i.o  cc  ;  fl,  4  ; 
As  found  :  — 4  27.  4-22,  4  26,  4.35,  4  25,  4.20,  4.25,  4,35,  4.20,  4,29,  in  a  number 
of  exiKTiiiieiits  carried  out  at  intervals  of  weeks. 
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centaRc  error  than  is  at  all  dcsiral.k- ;  any  lar-c  increase-  in  the 
concentrations  of  the  reagents,  however,  was  nnin.ssihle,  own.;.- 
to  the  rapidity  of  the  oxidation  ;  while  tlie  advantages  eons.- 
qnent  on  working  with  excess  of  all  the  reagents  save  o,ie  eonl.l 
not  be  dispensed  with. 

Wlu  ••  the  vohnne  nuich  exceeded  :«.  cc  the  end-i>oint  was 
more  difficnlt  of  determination,  and  the  reading  cere  snhjeet  to 
a  correction  for  the  iodine  necessary  to  fiive  a  color.  .\  siimlar 
correction  of  o.io  cc  As  was  necessary  Nvhen  the  amonnt  of  the 
pota-ssinm  io<lide  nsed  was  less  than  ao  cc  (Kxpts.  14.  i.>  •'•- 
17  )  The  scope  of  the  inve.stiRation  was  ftirther  limite.l  bv  the 
fact  that  some  of  the  iodine  disapix.-ars  on  ad.ling  a.nnionnnn 
bicarbonate,  if  more  than  5  cc  of  n  20  ferrons  snlphate  re- 
main to  be  oxidi/.ed  in  the  700  cc  of  reacting  nuxtnre  ;  owin^- 
to  this  circumstance  I  have  not  carried  out  any  measurenienls 
with  ferrons  sulphate  in  excess. 

I  have  a.ssured  my.self,  lu-wever,  that  within  the  InnUs  to 
which  I  have  restricted  mvself,  th.  method  of  analysis descnl.e.l 
above  yields  reliable  results. 

As  iodine  is  liberated  (though  very  slowly)  by  the  action  of 
chromic  acid  and  of  ferric  .salts  on  potassium  iodide  in  the  ab- 
sence of  ferrous  sulphate,  it  was  necessary  to  undertake  a  nmn- 
ber  of  blank  experiments  (in  which  no  ferrous  sulphate  was 
added).  The  duration  of  the.se,  in  minutes,  is  «iveu  .ifter 
"  niauks''  at  the  foot  of  the  tables;  a  small  circle  to  the  ri^hl 
of  the  number  indicates  that  no  free  io<line  could  be  detected,  an 
asterisk,  liberation  of  iodine  equivalent  to  one  drop  (o.u.s  e.  )  of 
;/  !«)  arsenite  ;  two  asterisks,  two  drops. 

On  account  oi  the  imix)rtance  of  accurate  determinations  of 
the  total  iodine  liberated  during  the  oxidation  of  a  giveu  (luau- 
tity  of  iron  (\\\  the  time  of  oxidation  has  been  extended  m 
certain  cases  to  one  or  two  hours.  In  these  instances  the  amount 
of  iodine  liberated  in  the  l)lank  exiK'riment  is  very  considerable 
—  it  is  given  with  the  others  at  the  foot  of  the  Tables,  and  the 
amount  there  stated  has  been  subtracted  from  the  result  of  the 
titration  to  give  the  figures  entered  under  "Jv"  after  0  ^h., 
120,  etc.,  in  the  body  of  the  Tables. 
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Solutions 

Solutions  of  stilpliuric  acid  (0.059/^'  n.i  iSiw),  p<nassimn 
hicliroinati- (o.fioK^/'"  ^  0.05;/),  i)otassiiiiii  iodide  (o.o.}79/-"),  and 
ferrous  sulpliatc'  {i-).^F\  were  prepared  in  quantities  siifficient  to 
serve  for  the  vvlioie  series  of  measurements  ;  tlie  acid,  bichromate 
and  iron  were  standardized  as  described  in  tlie  former  paper,' and 
the  iodide  ),'ravimetrically  witli  silver.  Hefore  using,  the  acid, 
bichromate,  and  fcrroiis  sulphate  were  each  diluted  to  ten  times 
the  original  volume. 

The  volumetric  solution  of  iodine  was  compared  with  the 
ferrous  sulphate  by  means  of  iK-rmanganate,  and  was  also  stand- 
ardized independently  against  freshly  sublimed  iodine. 

The  "o.xidation  pnxlnct  "  was  prepared  by  making  up  200 
cc  acid,  600  cc  bichromate,  and  20  cc  ferrous  sulphate  (the  un- 
<lilnted  .solutions  were  used)  to  2  liters.  50  cc  of  this  contained 
the  product  of  oxidation  of  5  cc  F zo  ferrous  sulphate,  and  in 
addition  10  cc  Fizc  bichromate  unreduced.  This  excess  of 
bichromate  was  taken  into  consideration  in  expressing  the  initial 
composition  of  the  solutions  in  the  various  experiments.  A  fresh 
supply  of  the  "oxidation  product"  was  prepared  every  five  or 
six  days. 

RESULTS  OF  THE  MEASUREMENTS 

Explanation  of  the  Tables 

At  the  head  of  each  table  is  given  the  total  volume  of  the 
reacting  mixture  and  its  initial  compo.sition,  in  the  following 
units.  Ac  10  represents  10  cc  of  0.059/^  sulphuric  acid  ;  Cr  10, 
10  cc  of  0.0083/-'  potassium  bichromate,  including  unreduced 
bichromate  in  the  oxidation  product;  A7io,  10  cc  of  0.0479F 
potassium  iodide;  /-'i.o,  i  cc  of  0.05F  ferrous  .sulphate;  Ox  5, 
the  product  of  oxidation  of  5  cc  of  0.05/^  ferrous  sulphate.  Thus 
'he  headings  give  very  closely  the  number  of  equivalents  of  the 
\arious   reagents,    one   formula   weight   of    bichromate   being 

'  One  gram  formula  weight  II.SO,  in  17.04  liters. 

'  Free  from  ferric  salt      Jour.  Phys.  Chem.  7.  5,  ( 1903I  footnote. 

MIml.  7,  5  (1903I. 
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.,,nivalcnt  to  scvc.  -f  sulphuric  aci,l  au.l  to  mx  of   ferrous  sul- 
nhatcor  of  potassium  io.iidc. 

'         ru.kT  ^  is  culcrcl  the-  interval  iu  luinulcs  l.etu.cu  tl,.  a.l- 
auiou  ..f  the  ferrous  sulphate  aud  that  of  the  annnonium  h.c.^- 
,L„ne;  uuaerJMheumnber  of  cc   of    «  ....  so.l,uu.    arsc.ute 
,     -ivaleut  to  the  i...li..e  liheratol.      Tuiler  "  (  V  2..     or     ./<-  15 
Ihc  uuu.her  ..f  .niuutes  in  which  the  san.e  au,ou,U  of  ,o.hue  was 
lihcrnte.1  in  other  experiments  where  the  coucentrat.ou  of  the  ..- 
t  mlate,  or  aci.l,  wis  ■'  30  "  or  "  .  ,  "  instea.l  of  that  «.s.n  at   he 
hc-ul  .,f  the  Tal.le  ;  these  nnnibers  were  ohtaiue.!  hv  graphic  nUer- 
,.,lalion  from  th.  results  of  the  experimeuts  in  .p.est.on.    \  -uler 
0  7-is  entered  the  .inotieut  of  the  two  limes.     "  (  ah:  ,th,  ,,"./,    in- 
dicates that  if  the  rale  were  prop<.rtional  to  the  fourth  power  of 
UK-  o.ucentralion  of  the  rea^^enl  nauK-d  at  the  head  ol  the  eohunn. 

the  (luotient  would  he  5.1.  .         r      i- 

R,  i.  a  o.ntraclion  for  dx  S,  the  rale  of  hheraliou  of  iodine; 
„„l  /v-r  for  <lx<ie,  the  rale  of  formation  of  (erne  salt,  lu  the 
units  defmcd  aho.e       \s       51'. 

Influt...c  of  the  acid  on  the  rate  A> 
P.V  comparing  Kxpts.  .,  3.  7  ;  ^.   h  ^^  >  "-  9-    '^   to;  the 
innucncc  of  the  concentration  of  the  aci.l  on  the  rate  ..f  hhera- 
ti.,n  .)f  iodine  mav  be  .letermine.l  in  the  presence  of  three  .1  fTer- 
.ul  qnantities  of  polassi.nn  bichr..mate  ;  in  all  cases  the  rate  is 
verv  nearly  pr.,porti..nal  to  the  fourth  power  of  the  concentration 
of  the   acid.     In  this  respc-ct  the  reaction  uu.ler  c.ns.derat.on 
.lilTers  inarkedlv  fn.m  the  reacti.m  ..f  chromic  acul  ..n  either  fer- 
rous sulphate  or  p..ta.ssiu,n    i<xli.le  alone;  and    so  far  as     am 
•uvare     affords  the  first   example    on  recnl    where  the  ra  e  is 
,,r.,porti..nal  t..  s..  hi,,h  a  power  of  the  cnceiitratiou  of  .me  .,f    he 
reaK-enls.     Kxcept   in   the    p..lyn.eri.aUon   ..f   cyanic   acu,      le 
highest  iK.wer  lutherl,.  met  with  has  been  the  secud.      As  the 
rue  is  ,i..t  changed  bv  the  a.Klilion  .-f  potassium  sulphate,  Ivxpt. 
28,  the  effect  must  be  ascribe.l  to  the  hy.lr.>^;eu  ion. 

Influence  of  the  potassium  bichromate  on  the  rate  Ry 
Reducinji  the  am.nint  .jf  chromate   present  fr.MU  thirty  to 
'  J,  II.  van  H  HolT.'    Etudes  dt  Dynami.iuc  Chimi-iuc,  page  94  U^4). 
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twenty  c,,„ivalc.„t.s,  ,„„,ti,,li..s  the  ti,„e  req„ire,l  for  the   libcn 
t.on  of  a  «,ven  .,„amity  of  io.Iinc.  hy  i.S  (I  vpts    12   .^   vvl 
;>"ct.o„    fn.,„    twenty  to   ten    .nultip.i  J  tii^^.'t  ^    tr': 
^i;y-r;.,a;,.7,      If  the  rate  is  to  he  expresiu   ^^^ 

Hy      const   X  (cone,  bichromate)'  ^ 
and  tile  others 


Ky 


const.  X  (cone.  I)ichroniate)' K"  '  «. 


Influence  of  the  potassium  iodide  on  the  rate  Ry 

iiinltii)  les   the    rate    hv    i  r      'f'l        «      ^'^'^P'-s-    i«,  5,   19,  6) 
I  uie    rate    ()>    1.5.     i\,^  pfj,.^,^   pro<hiced  by  increas 

"K  the   concentration   of  the   pota.ssi„„,  iodide   is    thn    '  reat 
",;:;■;[       -»-"'-t-"  "f  the  ,.,tassi„„,   iodic^  hsS7t 

sy.steu.atic  errors  in  the  analysis.  '  "^"^  '° 
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Influence  of  the  ferrous  salt  on  the  rate  Rv 
Comparing,'  the  cxiKrinunts  in  which  Uk-  initial  cmccntra- 
Uonsof  the  iron  was  t.o  with  th..sc  in  which  it  waso.,.  U  w,!!. 
seen  that  the  time  c«rresi,nn.li..K  t.,  a  «uen  vah.e  of  ./.  in  h. 
former  is  half  or  little  less  than  half  that  ,n  the  latter.  A  few 
ex;;;rin.ents  with  other  ^nantities  of  iron  (TaMe    X)  ..ve  the 

same  result.  i   .       /,    /rt 

When  vissn.all,  AvAf?  is  aiM'roxnnatelv  eqval   to  ,h,W, 

the  rate  of  liberation  of  iodine.      In  Table  XI  the  sn.allest  s..lno. 

of  As  have  been  collected  from  the  previous  tables  ;  .U.nbhn^  /• 

approximately  doubles  As.  •.       ,      i 

The  rate  of  liberation   ..f   io'line   is  therefore  .pnte  closel> 

pro,>ort,onal  to  the  concentration  of  the  ferrot.s  salt  in  the  soln- 

tion. 

Influence  of  the  products  of  oxidation  on  the  rate  A')' 

To  illustrate  the  K-reat  retardin;;  effect  of  the  pto.huts  of 
oxidation  on  the  rate  of  liberation  of  iodine  I  have  set  side  by 
.side  in  Table  XII  the  results  of  five  experiments  in  which  t.ie 
"initial  concentration  of  the  oxidation  product  (see    pa^je  Si   was 

o   2.S,  V^.  5-"'  and  lo.o,  respectively. 
'      The  order  of  maKuitude  of  the  retardation  is  the  same  as  in 
the  oxidatioti  of  urrous  sulphate  in  the  absence  of  io.li.les  ;  and, 
as  in  the  latter  case,  is  due  almost  exclusively  to   the  feme  .s;ilt 
—  see  Kxpts.  28,  29,  30,  Table  XIII. 

In  the  absence  of  ferrous  sulphate,  feme  salts  exert   a   oe- 
cided  acceleratiuK  action  on  the  oxidation  of  iK.tassi.im  I'xbde  bv 
chromic  acid.     This  is  well  .shown  by  the  experiments  in  T  able 
XIV   for  which  I  am  indebt'.-d  to  Mr.  R.  K.  DcKury.     The  ferric 
.salt  tised  was  a  fresh  solution  cu  iron  alum  ;  the  amount  taken  is 
given  in  10^^  gram-atoms  of  iron.     The  third  ami  fourth  exi^ri- 
nients  of  the  .series  prove   that  the  difference   between  the  hrst 
and  the  second  is  not  altogether  due  to  the  ferrous  .salt  produce.l 
by  reduction  of  the  iron  alum;  it  must  be  ascribed  in  p.irl  to 
direct  acceleration  by  the  ferric  salt. 

If  the  protUict  of  oxidation,  made  up  as  described  on   page 
8,  be  allowed   to  stand  for  a  week,  it  gradually  dei)osits  a  yel- 
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-brown  ,m.c,p,ta,c,  an.l  its  rctanlinp  power  is  Ic-ssened  ;  an 

I      r  t,on   ,.s  ,.ven    ,„  Tal.Io   XV,  in    which  the  tin,e  in  cla.s 

afiT'' C ••  '"'''""''^"'  "^  "'^  "^'•'=«'*"'-  P^'x'nct  is  jjivcn 

As  in  snch  .iilntc  schitions  the  hy.ln.lvsis  „f  the  ferric  snl- 

.l>ate  n,nst  have  hccn  instantancons,  this  sl-.w  decrease  in  te 

power  .,    retanhn,.  oxidation  nu.st  l,e  ascribed  to  changes  in    he 

u.,oH.a.^h,.hate,  and  n,i,ht  p.ove  a  n.eans  <.f  throwi.^  ,i«ht  o^ 

Influence  of  certain  other  compounds  of  iron  on  the  rate  Ry 

T  he  jnflnence  exerte.l  l,v  ferric  salts  has  been  dealt  with  in 
the  j.i  .ccdin^r  section.  " 

In  Table  XIII  are  j,iven  the  resnlts  of  experiments  in  which 
the  power  of  IIae„,o.lobi„  (fron,  chickens'  blood,  0.25  pet   Fe 
of    •erroson.atose  (Haever  and  Co.,  I^lberfel.l,  0.26  pet  Fe)  and  of 

'<Ml.de.    wa.s    tested.      In    .,0  ea.se  was  any  liljenuion  of  i^xlinc 
..•.served.     In  the  "/.%,...'■  a„  an,o„„t  of  the  standard  f  rn 

:;;:ir-,zr'"''""^'"'^'''-"^-''^-'---edw:: 

The  jrreat  acceleration  ob.served  with  ferrous  sulphate  is 
therefore  due  to  the  pre.sence  of  the  ferrous  ion  only 

In  prel.nnnary  experiments  on  the  oxidation  of  ferrous  .s«l- 
ha  e    I  observed  that  .sodiun,  tarf.ate  could  not  altogether  st  p 
the  hberat.on  of  ,odi„e  in  .solutions  containing  ferrous  salt    tr 
rous   tartrate,    therefore,  acts   as    an  accelerator,   a.ld  ,7  p;ol:; 
allowance  were  made  for  the  effect  of  the  tartrate  on  the  H-con 
nurat.on.  s„„,  ar  experiments   nnght  .serve   to  determine       e 
'i.-.c,at,o,-       Ous  and  other  con.plex  ferrous  con,,XM.nds. 
Tht         of  oxidation  of  the  ferrous  salt,  Rx 
In  the  alKsence  of  any  other  fea.sible  method  of  detennininLr 
crrons  salts  m  the  presence  of  ferric  .salt,  chronnc  acid      t"    ' 
!!!!l^!!^::!!!ii«  '^"  '^^^"^  °"  '^^  P«--  of  accelerating  uJ 

'  Zeit.  phys.  Cliem.  2i,  i  (1S96). 
'Jour.  Plijs.  Chem.  7.  3U903). 
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oxidation  of   potxs.siuiu   i.Kli.lo,   aiul   have   already   .kscnt.cd   a 
inctlitxl  of  analysis  based  011  that  principle.' 

In  order  to  obtain  data  for  the  cakulai:  u.  a  number  of 
mixtures  were  made  up  with  different  initial  .pianlities  ot  iron, 
the  concentrations  of  the  other  reagents  bein^;  the  same  as  in 
Kxpts.  5,  16,  14,  I,  9.  and  23  resiKCtivelv.  and  the  aniounl  of 
iodine  liberated  in  30  (or  60)  minntes  was  determined.  I  he  re- 
sults are  ^iven  in  Table  XVI. 

In  each  of  the  Kxpts.  i,  2,  5.  f>.  9,  '  !•   i.=^-   '^'-    '7-  'i'"'  ^-^' 
the  numbers  under  As  were  subtracted  from  tli-;  value  of  ./s  f'-r 
10  (or  6c>)  minntes—  in  the  ca.se  of  Ivxpt.  5.  'l'-'^^'  >^VI1,  the.e 
differences  arc  tabulated    under    "Z;/^/:"- thus   obtaunnK'  vhe 
amount  of  iodine  liberated  in  from  22  to  30  (or  52    10   60)  1111a- 
utes  in  solutions  containiuK'  initially  /••-  <  units  ..f  ferrous  sul- 
phate ;  curves  drawn  from  the  data  of  Table  Wl  served   to  de- 
termine F-x.  The  values  so  obtained  are  ^ivcn  in  Table  X\  II. 
In  this  calcnlatiim  there   are    two    inaccuracies:  —  When 
(,       8,  the  difference  As  {0  -  S)  wuiii.s   As  iO       30)  k'ivcs  the 
am(mnt  of  iodine  liberated  in  22  minutes,  while  the  curves  were 
drawn  for  30  minutes  ;  /•"-  r  for  0       «,  however,  is  so  small,  an.l 
the  reaction  between  0  =^  8  and  0      30  is  so  slow,  that  no  serious 
error  is  introduced.     vSecondly,  no  account  has  l)ceii  taken  of  the 
decrea.se  in  concentrations  of  the  acid,  bichromate,  and  iodide  due 
to  the  progress  of  the  reaction  ;  this  also   is  allowable,   because 
xs  may  be  seen  from  Table  XVIII,  althou-h  the  "total  iodine" 
liberated  during  the  oxidation  of  a  given  ciuantity  of  iron  is  not 
independent  of  the  concentrations  of  the  various  reagents,  vet 
the  influence  of  small  changes  may  .safely  be  neglected.     In  the 
experiments  for  which  F-  x  was  calculated  the  iodine  liberated 
in  30  or  60  minuies  respectively  was  practically  identical  with 

the  "total  iodine". 

Hy  means  of  the  values  of  /•"-  x  so  obiaiiied,  the  effect  on 
A'.v  caused  by  changing  the  concentrations  of  the  reagents  may 
be  ascertained. 


'  Jour.  I'hys.  Cheni.  7.  i  ('yo3)- 
»  In  Ezpt.  1 ,  90  uiiuutes. 
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Doubli„,^r  „„  co,nn,i,al,on  „/  ,/„■  aa</  innltiplics  the  rate 
o  oxi.Iatu.n  ..f  tl.e  ir.,„  l,y  S  f.  12  (iHtwcx-,.  tlu-  vl  an.I  41!,  ,K.wcr 
of  2);   hxj.ts.  5  and  y.  Tabic  XVII.  " 

/h>„/,h\^r  „,,  couanlration  0/  ihc  hidnowat,-  douhifs  it 
(lirst  power);  ICxpts.  i  and  5,  a  and  6. 

Inarasin,;  the  concvntnUio,,  of  the  f,nic  salt  i-rcatK-  re- 
ci..ce.s  tiie  rate,  tl.c  eflect  ..n  K,  an.l  on  Ny  bcinj,  al,„nl  the  same  ■ 
Kxpts.  23  and  5.  Table  XVII. 

I>unasl„_^  the  co,u;nl,atio„  0/  the  io.iide  first  lowers  the 
rate  ,,f  oxidation  of  the  iron  (KI  „  to  K  I  5.0.  Hxpts  ,c  ,.) 
then  ■ncrea.ses  it  a^nrnXKI       5...  to  KI       ^.u,;  Hxpt.s!  ,4,  ,6   s 

With  re^ar.I  to  the  inrtnence  exerted   by  the  concentration 
of  the  ferrons  .salt  on  tl.e  rate  of  its  own  oxi.lation.  comparison 

of  hxpt.s,  .S,  ir,,   14,  I  (/.-^  ,.„)  ,,.ii,,    j.;^j,^^     (^^  ,__   ^       ^       ,       ^ 

shows  that  the  time  corresp,mdinK  to  a  .,Mven  val,.;  <,f  V  i„  the 
fonner  .s  half  that  in  the  latter;  /.  ...  that  donblin,.  F  dcmbles 
A.r  (firs  iK.wer).  In  the  absence  of  iodi.le.s,  donbli.u.  /•■  ,,„ad- 
rnples  the  rate  (.second  i)ower). 

I" -.  -der  to  make  a  direct  compari.son  between  A'r  in  the 
'r:r;f  '?:';'"■  ">*--  ^^^^^^^^  of  pota.^si„n,  iodide,  the  experiments 
ot  lable  ■  I\  were  carried  unt  with  the  .san.e  qnantities  of  the 
other  rea^^ents  as  Kxpt.s.  ,,  5,  and  ;.  bnt  withont  pota.ssin,„ 
KHluie;  /.-,■  was  determined  by  means  of  Tables  XI\ /.  as 
already  de.scrilx-d.-  From  the.se  experiments  it  appears,  i'n'ac- 
corda.,ce  with  the  resnlts  of  „,y  former  work,  that  in  the  absence 
of  pota.s.  .,„  ,o<lide,donblinK  the  acid  (KI  _  o)  multiplies  the 
rate  by  4  (.second  power),  and  that  doublin^r  the  bichromate 
(KI  ---  o)  mnltiplics  it  by  2.8  (1.4th  power). 

Summary  of  the  results  of  the  measurements 

The  rate  0/  Uheralion  0/  ,o>fn,e  in  the  absence  0/ ferrous 
salts  (I)el  nry)  ,s  very  nearly  pro,,ortional  to  the  concentration 
ol  tlie  iMchromate,  and  to  the  sqnare  of  that  of  the  acid  The 
re^atmn  betw-t>en  the  rate  and  the  concentration  of  the  iodide  can 

'  Juiir.  I'hys.  Clieiii.  7,  3  (1903). 
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Ik:  expressed  by  an  e(|uatit)iu)f  tlic  t"<>nn  A'v 
oxi<btiuii  is  accelerated  l>>  ferric  salts. 

ThcratcofiyxidationoftirroHS  sulph.U,  in  llir  .rhuiu,-  ,<; 
uuiidts  is  proi)orti()tial  to  the  second  l><)Wer  of  the  onientratiun 
of  the  ferrous  salt,  and  to  the  second  power  of  that  of  the  acid. 
The  order  of  the  reaction  with  resiH.-ct  to  the  hichroniati  is 
variahle  (1.4th  to  i.Sth).     The  oxidation    is   nuah   relar.k.l    hv 

ferric  salts. 

In  prtstiur  of  ferrous  uilts.  III,  rate  of  lih.r.ilioii  of  lo.iinr 
is  proiKutional  to  the  1.3.1  to  i.'.lh  power  of  the  concentration  of 
the  bichromate,  to  the  fourth  iwwer  of  tl.at  of  the  acid,  to  the 
first  power  of  that  of  the  ferrous  .salt,  and  to  the  first  (or  a  less) 
power  of  that  of  the  iodide.     The  oxidation  is  much  retarded  by 

ferric  salts. 

Ill  prisfnci-  of  io,ii,i,s.  III,-  rate  of  o\  illation  of  ferrous  sul- 
//w/i- is  proportional  to  the  first  power  of  the  concentration  of 
the  ferrous  .salt,  to  the  third  or  fourth  iv)wer  of  that  of  the  acid, 
and  to  the  first  power  of  the  concentration  of  tlie  bichromate. 
Increa.se  in  the  concentration  of  the  iodide  first  decrea.ses,  then 
increa.scs  the  rate. 

The  total  iodine,  y,,  liberate,!  iliiriiii;  the  o\  illation  of  a 
given  quantity  of  ferrous  sulphate  (/•')  tlepeiids  on  the  concen- 
trations of  the  reagents  and  is  only  roujjhly  proportional  to  the 
quantity  of  ferrous  sulphate,  ;-,  /•" increasing  as  /•decreases. 


Having  a.scertained  the  facts  with  regard  to  the  kinetics  of 
the  sy.stein  :  chromic  acid,  ferrous  salt,  iodide,  it  remains  to  com- 
pare them  with  certain  theories  which  have  been  put  forward 
to  explain  this  and  similar  cases  of  catalysis.  ( )f  these  the  im.st 
prominent  are,  the  Catalytic  theory,  the  Active  ( )xygen  theory, 
and  the  Peroxide  theory,  to  which  I  have  added  a  fourth,  the 
I'erroiodion  theory. 

The  catalytic  theory 

In  certain  cases  the  rate  of  a  reacticjii  is  changed  by  tlie 
presence  of  a  foreign  substance  — platinum,  for  instance,  to  (juote 
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a  classical  ixaiiiplr  —  anil  ^iiKv  I!ii/iliii>'  dav  it  has  Ihui  cms. 
loiiiary  tn  ascribe  the  effect  to  "Catalvsi>"  l)v  tlie  Mitislaiice  in 
(Itiestion.  Ill  tlie  oxidation  of  pota»inni  iodide  li\  chromic  acid, 
however,  it  is  ohvions  thai  ninch  more  than  the  rate  is  afTecteil 
1)V  the  presence  of  ferron>  >nlphate  ;  —  the  intlnence  of  the  con- 
centrations of  the  leaj^eiits  on  the  rate  is  piofoimdly  modified; 
so  that  tlie  aiialot,'y  with  cases  of  sim]>le  catalysis  is  very  slij,'ht. 
The  active  oxygen  theory 
A  nniiiher  of  instances  of  "  induced  oxidation  "  can  be  sat- 
isfactorily accounted  for  by  the  supposition  that  for  everv  atom 
of  oxyjfeii  taken  np  by  the  "  ii.u-;clor  "  —  the  ferrons  salt  i-  the 
present  case — one,  or  some  other  whole  iinmber  of  ato.  i  of 
oxyjifii  become  "active"  and  attack  substances  otherwise  in- 
capable of  oxidation  under  the  conditions  of  the  experiment. 

In  the  case  under  consideration  the  auionnt  of  kmHiic  liber- 
ated durinj,'  the  oxidation  of  one  atom  of  iron  does  not  represent 
a  whole  number  of  atoms,  and  is  not  in  lependeiit  of  the  con- 
centrations of  the  rea>,'ents;  so  that,  in  its  simple  form,  the 
active  oxygen  theory  is  not  applicable.  When  further  developed, 
this  theory  pa.s.ses  into  the 

Peroxide  theory, 
accordinfj  to  which  the  primary  jiroduct  of  the  oxidation  of  the 
ferrous  salt  is  a  peroxide  which  afterwards  reacts  with  the  iodide 
and  with  the  residual  ferrons  sulphate,  forminji  ferric  .salts  and 
lilx'ratiiij;  iodine. 

This  theory  has  found  an  able  chamj)ion  in  Manchot,  who 
is  of  the  opinion'  that  "  In  every  process  of  oxidation  there  is 
formed  a piimayy  oxidt\  which  in  i^a-neral  has  the  character  of  a 
jK-roxide."  My  own  experiments  which  show  that  the  rate  of 
oxidation  of  ferrous  sulphate  is  proportional  to  the  scpiare  of  the 
concentration  of  the  ferrous  .salt,  and  to  the  first  or  a  hij^^lier  i)ower 
of  that  of  the  bichromate,  nii>,'ht  fairly  be  (juoted  in  supjwrt  of 
this  view  ;  the  molecular  interpretation  beinj.,'  that  iwo  molecules 
of  ferrous  sulphate  enter  into  reaction  "primarily  "  with  one  or 

'  Uebig's  Anu.  325,  95  (1902), 
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iii..ri  of  tlRl«irlin.iii.itf.     TlHniti.._>    i  (  j    i.s  iits  tin  l.uts)^  tti  1 1 
lumsiK Mills  to  thf   fornuil.i   I-V  ( >  ,   fni    wlurh   M,iiuli..t   .ituiu- 

(sec  htluw). 

Ill  a  itapir  iiititliil  "TilKr  iVicwdhiMniiu  tu  uii  1'..mh"' 
this  autliur  lias  ].iiMislir.l  <k  ti  itiiiiiatiuiis  nt  tlu-  '•  total  i.mIiik" 
lihcrali'il  (hiriiii;  tlif  "viilatioii  of  irrtain  (iiiatititii-^  ot  tiiiou> 
sull)liatf  t>v  (.■liioiiiii-  aid  in  tlu-  i>riMiUH  of  iM.ta»iniii  lo.h.K. 
Ki-i-alciilati(l  for  a  voluim-of  7c  .(.tv,  aii<l  with  tlu- coiuiiitratioiis 
t-xpn-ssi-d  -11  tlu-  units  t-inploviil  tliron.^hoiit  tin-  lui-.r,  tlu-. 
nK-asuroim-nts  au-  rfprodnct  d  in  Tal.K  W.  A-  will  l><-  notvd, 
iii!iiil)».'rs  iv.  V,  and  vi  wi-ri-  vaiiiid  out  undii  tlu-  -aim-  roudi- 
tious;  in  \iii  and  ix  hvclnuhloiii-  u-i.l  \va>  ii-i-<l  iustiad  ot  -iil- 
plmriL-  acid;  tlu-  tiiiipi-iaturi.  in   ill  imm  s  was  1  >  _>      m,(.     C 

In  h.is  (.•xp-.-iimciit-,.  Mam  hot  Kt  10-15  re  /■' h  >  ftiroit-  siil- 
phatt-  flow  intotlv.  iiiixtim  of  tlu  ollui  nai^H-nts  with  tlu  watrr; 
iht- addition  of  thi- iron  took  i',to  j  iiniuitt>,  duriiii;  whuh 
the  reactin.1,'  iiiixtnu-  wa--  wd!  -tim>l.  H<-  diaws  tlu  folLiwinj,' 
coiiclii-^ion-^; — "Tlu-  i-x  pi-riin.  ut-  --how  that  foi  one  l-i  two 
i-(iuivak-nts  of  iodine  an- set  fn-i,  -o  that  the  leiious  salt  eoii- 
snnies  three  e(|uivalents  of  ox\j^eii.  Thi--  «iii.intit\  1-  iiuUpMi- 
deiit  of  the  concentration  of  the  ehroinii-  acid,  of  which  in  all  the 
expcrinieuts  (i)articiilarly    No.  ii    nil  No    xl  a   re->idui-  u-niauis. 

"  In  the  small  variations  in  tlu  amount  of  tiiio>ulpliate  | .  /», 
Tahle  XX]  the  secondary  action  of  tlu-  pcioxidt-  on  the  l\-rroii> 
sdt  is  discloseil,  a-^  natnrallv  it  i-  not  po,si!>K-  to  idd  the  ferrous 
salt  in  everv  case  with  exicl  nuifoiinitv.  If  ihi--  s.-cond  irv  re- 
action be  favored,  hv  i);)uriu,:,,'  the  chromic  acid  into  the  (err.ms 
salt,  .so  that  the  latter  is  in  ex.-ess  (p.irticnl  irlv  when  more  of  it 
is  used),  much  less  i.Mliiu-  is  liberated  for  oiu-  l-"e  oxidi/i-d,  which 
furnishes  the  i)roof  that  the  >ei-oiidarv  reaction  in  (|iu-tion  really 

takes  place. 

"The  primary  ferric  la-ioxide  is  cci  Uiinlv  not  hii.;lu-r  than 
l-\-().  For  a  considerable  iiicn-ase  of  the  Acceptor  jiodi.k-] 
causes  onlv  an  ///considerable  iiu-n.ise  in  the  amount  of  lliio- 
sulphate  [As].      The  latti-r  niiiain>  always   .1   little  below  that 

'  Liebif-'s  Anil.  325.  I",S  1  I9"J' 
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corri'siHUidiii;;  to  two  f<|uivakiits  of  ox\);iii.  T'liis  also  s{)eaks 
for  till' foiiimla  I*\()  ;  hvcaiisc,  otlur  ix|)triiin.iits  with  Acctj)- 
tors  sliow  tliat  it  is  not  jx)ssi!)lc  to  puvcnt  altoj^cthcr  llii.ssvc«m<i- 
ary  uactioii  bitwiin  ferrous  t).\i;k-  and  i)froxi(i».-." 

In  ni\  own  cxinrinunts  (T.il)K'  Will)  )■,  /-"falls  as  low  as 
1.2  or  i.^  and  tlian^ts  with  the  conctnlralions  niiich  more  than 
ill  tliosi  of  Mancliot.  Tlio  saint  is  true  of  y  x  in  the  ex- 
IKTiiiu-iUs  of  Tal>lf  X\'II.  The  explanation  is  to  lie  found,  not 
in  •' want  of  uniforniit\  "  111  idilinj^  tin  ferrous  sulphate  —  the 
mixing  was  coinpk'ti'  iiid  a  Ik mioj^'emons  solution  formed  liefore 
the  liberation  of  more  than  a  trace  of  iodine — but  in  the  data 
of  Table  Will  itself,  which  ^how  that  increase  in  the  concen- 
trations 111  the  rea^'eiits  increases  y ,  /•'.  In  Manchot's  ex|)er- 
meiits  the  concentrations  were  much  ^jreattr  than  in  mine;  his 
results  apjmtach  more  nearly  to  what  is  evidently  the  limiting 
ratio,  viz  :  2. 

So  far  as  I  am  aware,  the  peroxide  theory  has  not  yet  been 
applied  to  explain  in  detail  any  particular  case  of  catalysis  where 
the  rates  have  been  measured,  altlioujjh  it  has  become  customary 
to  assume  the  existence  of  "primary"  jK.'roxides  in  advancing 
ijualitative  explanations  for  incompletely  studied  reactions.  In 
the  succeediuff  paraj;raphs,  therefore,  I  have  developed  the  con- 
sefjiieiices  of  the  theory  for  this  particular  ca.se,  and  compared 
them  with  the  results  of  the  measurements. 

The  theory  a.ssuines  the  occurrence  of  three  different  re- 
actions in  the  solution  :  formation  of  the  peroxide,  action  of  the 
peroxide  on  the  iodide,  and  action  of  the  {leroxide  on  the  residual 
ferrous  salts.  Of  these,  the  first  may  be  reK:arded  as  the  reaction 
who.se  rate  is  measuied,  and  the  others  as  tollowing quickly  after 
it,  otherwise  the  peroxide  would  accumulate  in  the  .solution  ; 
moreover,  the  slow  disappearance  of  the  ferrous  .salt  has  been  e.v 
tablished  by  direct  experiments  with  potassium  ferrocyanide. 

Kenre.senting  by /the  quantity  of  the  jxroxide  which  con- 
tains one  atom  of  iron  (  '.  .  Fe/  )  if  Manchot's  formula  be  adopted), 
and  by  it  the  number  of  molecules  of  jxjta.ssium  iodide  or  fer- 
rous sulphate  with  which  that  quantity  of  peroxide  reacts  («  —  2, 


accunlin^,'  to  Maiicliot)  the  List  twn  n.u  tnnis  tii.i\  !k  n  pnx  iitnl 
hy  tlic  followiii);  cluinical  ii|H.iti»>ii>  :  — 

f>    ■    n\        l"c        '(1 't 

and 

fi   I    «!'f       I  >/   t    t  il'V "  ' 

Writinj;  <tp  fnr  d/>dlf-t/0,  tlic  .imniiiit  uf  i«.tiixiili  fciiim!  in 
a  unit  of  tinif,  (//for  tlu'  anioiiiil  intniiij^  into  nutioii  /, 
and  1/  />  for  tlic  amount  ciitirinn  into  naitioii  //,  also  in  a  unit 
of  tiniv,  thf  assmnption  tliat  tlu'  iK-roxiiK  i>  di  -irovnl  a>  so.. 11  .i-> 
it  is  formed  may  hv  txpnsscd  hy  tin-  <.«|iiation 

J/>      </,/>  I  i/.p 
The  amoinit  of  iodine  litK.-ratid,  ,/y,  if  fxi>ressid   in  i.ini^aKnis, 
is  obvionsly  c(|iial  to  ;/,//>,  while  the  ferrie  salt  formeil, 
di       J,x   .    </,«       <i,p   r    in   ■    !)</,/> 
The  rates  of  the  two  reactions  /  and  //  alrtive.  nuist,  in  j^iu- 
eral,  dei>end  on  the  concentrations  of  the  i.MliiK  and  fi  rions  salt  ; 
adopting,'  the  form  most  in  harmony  with  l!ie  pievalent    i>ravtiee 
ill  chemical  kinetics,  the  ratio  of  the  two  rates  ni  i\    Ik    sit   pro- 
portional to  the  (piolient  of  simie  iwweis  of  the  concentrations. ' 

d.pd^p       k(l'-x)   (<■"-») (I) 

and  the  rate  of  fornialicm  of  jK-roxide  to  the    ;-th   |Hiwer  oi   ilie 
concentration  of  the  ferrons  salt 

dpdd       Kyh     xY !-') 

From  these  e(inatiolls  the  following;  expressions  for  tlu  1  ate 
of  liberation  of  iodine, 

_  dy  dy      df  'id/  <//     \ 

^^~  do  dp  '  dO  d,f     '    dp  '  do      \ 

1 i  .1 1 

Kn(C-y)\F-xV 

(C-y)'   •   k\/--.t)  j 

and  for  the  "  total  icxline  " 

'  r  represents  llie  initial  ciuuiiitritioii  tif  the  ii>.l..l<-,  .iml  /  lli.il  uf  tin- 
ferruub  salt.  A'  in  K<)uatiun  2  is  a  fuiicti.ui  of  theconccntratumsnt  llu-  n'.  1  iii't 
bichromate 
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inav  hf  oht.iiiK<l. 

I  liavi-  iiilc<;iaUil  iIk  latUi  <.\l>ri»iuii   f..r  lliu-u   paiticiilai 

c-asi's.  vi/:  (/ )  /     A      /;(/n^      -'.  /      /;i/"'>*      ^      -'•'»- 

lioiluml  txptiiim-iUany  (KUniiiiad  vahus  fur  r,,  sulvcil  for  // 
and  /(•,  and  tlun  l>y  UKau-^  of  I'liniation  (;,l  ccmipuUd  tlii' udativi- 
ratts  for  ditTiunt  omciiitrations  of  i)«>tas>iiun  ioilide.  Tlii.'  ic- 
siilts  an-  tabulated  for  comiiarisoii  with  tlit- (.xiH-rinunts.  1-inilly, 
I  liavc  sliown  tliat  no  other  assnniptions  as  to  tlic  vahics  of  .« 
and  /  wonhl  '>rin<;  tlie  resn'ts  of  the  cidciilations  into  better 
aj,Meenient  with   tlie  experinieiilal  nmnhers. 

('ii.u/.  s  II.  — Snbstimtinj,',  and  intes^^ralini;  (treatinj,' 
C -V  as  constant,  and  eqnal  to  (')  the  exi)ressi(>n  for  the  "  total 
iodine  '"  l)ecoiiics 


nC 

X-( ;/    •     1  ) 


los^  n::' 


kFK  » 

C 


•Cs) 


Making'  "^*-'  "f  t^"-'  resnlts  of  Ivxpt.  5:  /•'  i.n,  ('  ^<>. 
V,  i.,s6,  and  I'xpt.  14  :  /•'  i.o,  C  5,  f,  1.2..,  nnnierical 
valnes  for  ;/ and  k  nia\  be  obtained.  As,  in  l':xpt.  i  (,  C -  y 
falls  from  5.0  to  ,V9.  while  the  integral  was  obtained  nnder  the 
assnni]Uion  that  ("- r  < ",  I  have  obtained  limits  for  ;/  and  ^• 
l)y  seltinj;  C    ^  5  in  one  calenlation,  and  C  -     4  in  a  second. 

The  values  are, 

n       1.77  and  1.71  k       1.91  and  1.44 (i"') 

and  bv  introdncinj^  them  into  Ivpiation  (3),  and  at  the  same  time 
settinj,r  ,v  --  /  -  I,  .1-  o,  and  /•"  i.  the  (initial  1  rates  of  libera- 
tion of  iodine  in  the  presence  of  dilTcrent  concentration  of  the 
iodide  were  calculated. 

The  results,  mtdtiplieil  .)y  an  arbitrary  constant,  are  ,t;iven 
in  Table  XXI  ,  A'l'  for  ("  5  has  been  set  loDto  facilitate  com- 
parison. 

Increase  in  the  concentration  of  the  iodide  from  5  to  30  adds 


S.thi/ii'iis  l\>iil<iiiiiiii:  /'iin'/i.^  SiilpliiJti.  Aa.  ^i 

l,„t  ;,,.  iK-nvnt  to  tlic  \:\W  ;  tlu-  rx].Lt  itiu-nts  -h.-w  that  ,V'"  I'^'f" 
ciiit  i^  .uMiil. 

C.ilculalin'4      l.,u-ku.il>l>,      Mtlm>;       A'li  (  '         ^>"         -■  »     ' 
A'r(('       S)— >iv    ICxptx   .S   .111.1    it--llKU'    fwll.'WN   /,        17-5; 
whciK-c,  avsuminu;  n        2.  (MaiK-li.'t) 

y.        .  C        5        04''  :  '''''•'■    I--" 

)■,        ( ("       JO  )       i>  ^7  ;  ol'^-    '  s'' 
(    ,„■  ii^      ,,        _'.  /        /. -~  Siihstitutiii-  in  I-".iiiialiniis(^i  ami 
((),    Mttiii-     C-r        < '.     •""'     ^■•l^^illU   "lit    tlu-    int<.-iati.>ii    in 
I''.i|nali<>n  (  p  tluu-  r(.>nll>  ; 

AV      ./i  </f*  ^-        /.■    ,  ,    '^ 

and 

,    r  -'  ,    A'.  I    •    M-A" 

V,  '  -tan  '^ ' 

1    /(•,  ^/       I  '  I    ' 

Intnxliunn.^r  Uk- same  pail- of  valuo  as   in   Casi-    i,  and   solvin- 
for  //  and  X-, 

;/       1.S2         /■       .V7« ''^' 

(Only  the  upper  limit  for  ^•  — tlie  more  favorable  —  bcin^'  com- 
,,„Ud.)  Initial  valnes  of  AV,  [x  <.).lTal.le  XXIIl  have  been 
caknlaled  from  (71  and  (.»,  setting  A'r(  C  5>  ""'.  '»''  '"-"f'"''-'- 
The  resnlls  are  mneli  the  same  as  in  Case  /;  wi.lely  ilitTerent 
from  the  experiment. 

(  'dsr  Hi.      s       I       -'■ 

'"       c        Xi  A'-ir' 
and 

,„  ^"  .tan""'    ^•"';"-'-' MM 

whence  ;/       1.80,  X    -  72.3,  and  the  nnmber  under  "  initial  A> 
(F  -^  i.o)"  in  Table  XXIII. 

The  results  of  the  calculation  arc  in  better  a^'reement  with 
the  experitnents  than  those  of  /  and  //;  allhonnh  in  the  Table 
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tlie  first  incrciiu-iit  of  ("lias  more  (.ffict  tliaii  tlie  last,  while  in 
ri-ality  the  rivirsc  is  the  case.  The  ajjreeiiieiit,  such  as  it  is, 
however,  is  (hie  to  the  circiiinstaiice  that  /-"has  been  set  equal  to 
unity,  an<l  t  to  zero  in  niakinjf  the  coniputation.  If  P  be  set 
0.5,  and  I  0,  110  value  of  ;•  can  be  found  that  will  make  Ky 
half  what  it  is  when  /•"  i.o;  this  is  evident  on  inspectintj 
Ivjuatiou  (10) ;  to  show  how  wide  the  discrepancy  may  be  in 
particular  cases,  A'r  has  been  calculated  for  ;-  i  and  ;-  -  2,  and 
the  results  entered  in  Table  XXIII. 

Similar  want  of  success  must  neces.sarily  attend  the  snb.stitu- 
tion  of  other  values  for  .(  and  /;  lujuation  (3)  can  be  brouj^ht 
into  partial  accordance  with  the  experiments  only  if  /  --  i,  and 
k  is  larj^e  eiuni).;h  to  annihilate  the  teiin  [C -  v)'  /•  in  the  de- 
nominator'. This  would  make  y ^  proportional  to  C\  and  less 
than  /•",  neither  of  which  is  supported  by  the  observations. 

The  calculations  of  the  precedinj^  parajjraphs  .show  that  the 
Teroxide  Theory  cannot  reconcile  the  results  of  the  experiments 
on  the  rate  of  liberation  of  iodine  with  those  on  the  "total 
iodine ".  This  however  is  not  the  only  respect  in  which  it 
fails.     Three  others  ina\-  be  mentioned  briefly. 

l'ir«t,  the  influence  of  the  iodide  on  the  rate  of  oxidation  of 
the  ferrous  .salt.  If  the  liberation  of  iodine  be  the  result  of  a 
seci)ndary  reaction  between  peroxide  and  iodide,  increase  in  the 
concentration  of  the  iodide  can  cause  increase  in  the  rate  of  lib- 
eration of  iodine  only  by  causinjj  a  corresponding  increase  in  the 
"total  iodine"  and  ilecrea.se  in  the  rate  at  which  ferric  salt  is 
formed.  The  measureinents  show  that  doublinj^  the  concentra- 
tion of  the  iodide  almost  doubles  A'r,  and  slightly   increases  Rx. 

Second,  the  influence  of  the  iodide  on  the  rate  of  liberation 
of  iodine.  According  to  the  theory,  each  successive  increment 
of  the  iodide  .should  have  le.ss  effect  than  the  preceding,  until 
finallv,  when  r  2/*",  further  addition  of  iodide  should  leave  the 
rate  unc!iaiij;ed.  Accor'liug  to  the  experiments,  the  influence  of 
the  iodide  increa.ses  with  its  concentration. 

Finally,  it  has  been  established  in  the  experimental  part  of 
tliis  pajx-r,  that  in  the  absence  of  iodides,  doubling  the  concen- 
tratit>ns  of  either  the  acid  or  the  ferrous  salt  (juadrnples  the  rate 

'  .\ftor  dividing  Ixitli  numerator  and  denominator  by  k. 
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at  which  thr  i-^on  is  oxidi/cil ;  w'h.it.-  in  thiir  pu'siiuv  (l.MiMiiii; 
the  conci'iilralioii  of  tlu'  acid  miiUiplcs  it  hy  ci^;ht  <>t  lwil\i,  ami 
doiiblinj,'  tliat  of  the  iioii,  bv  two.  It  is  lia!.l  to  sec  Ik-w  these 
facts  can  he  acconnteil  for  hy  a  llieory  whii  ii  assumes  that  the 
"primary  reaction"  is  the  same  in  both  cases. 

In  short,  the  "  IVroxi-le  Theory  '"  was  set  up  before  the  rate 
measurements  were  made,  and  in  attempting'  to  explain  them  it 
breaks  down. 

The  ferroiodion  theory 

If  it  he  assumed  that  the  iodide  takes  part  in  the  reaction 
whose  rate  is  measured,  many  of  the  difTicnlties  met  with  in  the 
previous  paragraphs  may  be  avoided.  The  chromic  .acid  mav  be 
represented,  for  instance,  as  acting'  i>n  ferrous  iodide,  forming 
ferric  salt  and  iodine  : 
K.CrA   \  -'I'^'l.  t  7H,SO,      K,SO.  f  Cr/SO.),  V  -M,  »  7H,0- 

In  view  of  the  results  of  the  rate  measurements,  the  "  pri- 
mary reaction"  may  be  considered  to  t.ake  place  between  the  icms 


Cr.O,.    ^"el.     1.     a"d     4H O 

and  the  fact  that,  in  general,  less  than  two  atoms  of  iodine  are 
liberated  for  each  atom  of  iron  oxidized  may  be  accounted  for 
hy  assuming  .siinnltaneous  direct  action  of  the  chromic  acid  on 
the  ferroion. 

This  theory  offers  an  explanation  for  all  the  principal  re- 
sults of  the  exiierimental  investigation. 

By  introducing  a  new  reaction  (Hquation  /)  in  solutions 
containing  both  ferrous  salts  and  iodides,  it  accounts  for  the  fun- 
damental differences  between  the  oxidation  of  ferrous  sulphate 
or  iwtassium  iodide  alone,  and  in  solutions  containing  both. 

By  including  i«)tassium  iodide  in  the  primary  reaction,  it 
is  able  to  account  for  proportionalit\  between  Ry  and  the  con- 
centration of  that  reagent,  while  avoiding  the  difTicnlties  raised 
by  the  Peroxide  Theory.  The  decrease  in  A'.r  consequent  on  the 
first  addition  of  pota.s.sium  iodi.ie  can  be  ascribed  to  diminution 
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ill  tlK"  iminhir  .)f  I'\-  idis  (foniiaiioii  of  1-VI,  l-crroiodion),  while 
llif  siil)s<.<HKiit  iiKuasi'  is  (hii-  to  increase  in  the  rate  of  reaction 
(/)  brought  about  by  increase  in  the  i  ).icentration  of  the  iodide. 

Finallv,  by  a(hniltinj;  direct  ac.ion  between  chromic  acid 
and  ferrous  sulphate,  the  1-erroiodiou  Theory  explains  the  varia- 
tions in  the  "total  iodine"  liberated  during'  the  oxidation  of  a 
f.i\en  (jnantitv  of  iron.  Incre.isinj,'  the  concentration  of  the  acid 
or  of  the  iodide  increases  the  rate  of  the  main  reaction  over  that 
of  the  other, and  thus  causes  r,  to.ipi)roacli  more  nearly  its  limit- 
inj;  value,  2/";  while  the  diminution  in  y ,  /•'  as  /•'  -reases  is 
caused  by  the  rate  of  oxidation  of  ferrous  .snlphati  'einj;  pro- 
portional to  the  .siiuare  of  its  concentration,  while  the  rate  of 
formation  1  f  ferric  salt  by  reaction  (/)  is  proportional  to  the  first 
power  only. 

This  tlieorv,  however,  like  the  Peroxide  Theory,  aiTords  no 
explanation  of  the  variable  "order""  of  the  reaction  with  respect 
to  the  bichromate,  an.i  it  exaj,'^'erates  somewhat  the  influence  of 
the  iodide.  Doubling'  the  concentration  of  the  potassium  iodide 
on},dit  to  <loul>le  the  rate  of  liberaliim  of  iodine;  Kxpts.  5,  14, 
and  16  show  that  this  condition  is  complied  with  imly  when 
C  ^  20  or  lar^'cr  ;  b  tweeii  ("  5  and  C  -^  20,  donblin;,'  C  mul- 
tiplies the  rate  by  1. 7  or  i.S  only. 

A  simple  calculation  reveals  a  .similar  discrepancy  '\\\(iy  dx. 
The  reactions  a.sstimed  are, 


(/)   l)etween  Cr/>..      Fel,     I,     and     4H 


and 


(/;')  between  Cr().,  2Fe,  and  2H 
If  .  /,  A,  (  ",  and  /•"  be  the  (|uantities  of  acid,  bichromate,  iodide, 
and  ferrous  salts  (in  eciuivaleiits)  initialiv  present,  x  and  y  the 
ferric  sr.lt  and  free  iodine  already  formed,  dx,  and  dx  the  ferric 
.salt  formed  in  unit  lime  by  reactions  /  and  //  respectively,  and  a 
the  fraction  i)f  the  residual  ferrous  salt  uncombined  with  iodine  ; 
the  rates  of  the  two  reactions  at  the  bejjinninj^  of  an  experiment, 
before  r  and  r  are  larj^a'  enou>,di  to  be  taken  into  consideration 
("  initial  rates"')  may  be  written 


Si'lulioiis  Con /•lilt  I  lit;  /'riioiis  Siilf>lu}ti\  I'.ti.  2.S 

A',  .  (/,  V  -/w     '  .•'/)  M    k, .v/icr^  I     a  )  (  I  M 

A',      ./     M      k,A/iF>c (>;,' 

and  tlif  initial  ratio,' 

>=}•  2k.l  Oi  -a.       ,1^, 

ax  X-./("t  I-  '1  I    ■    "  /• 

in  whidi  k       k^  X-,. 

As  V  r  chanf;cs  t>nt  slowly  in  the  i\-p<.TMncnts  for  wliicli  r 
lias  been  calculated,  it  is  possible  to  obtain  the  initial  value  of 
,h</.r  fioni  the  Tables  with  a  fair  de.uree  of  ai>i.roxiination.  In 
Kxpt.  5  (./,  lo;  /.',  2o;  (",  20;  /;  i.<')  it  is  1.3.  Introdneinj; 
this  value  in  K<iuation  (14),  there  follows 

a'/{-(  I  -    a)     -  1077  ;  and  Jy  ifx       0.6;,  for  C       10, 

1'/'^.  o.ij  ( I''xj)t.   if>). 

the  observed  change  beinj,-  less  than  that    called    for    by    the 

theory.' 

To  brin«  the  Ferroiodion  Theory  into  still  l)otter  acciud 
with  the  experimental  results,  it  must  evidently  be  mo<litied  in 
some  manner  which,  while  leavinj;  the  main  feature  of  the 
theory  intact,  will  lessen  the  influence  of  the  iodide  a  little,  es- 
pecially when  the  concentratif)n  of  that  reaj^ent  is  low.      .\s  the 

principal  reaction  (oxidation  of  I'el)  can  hardly  be  interfered 
with  without  sacrificiu),'  the  main  points  of  a},'reement  with  the 
experiments,  the  remedy  mu.st  be  souKht  in  iiitro<iucin<;  a  thii  '. 
or  fourth  simultaneous  reaction,  or  in  modifying  the  subsidiary 
reacti(m  already  admitted,  viz.,  the  direct  -  idation  of  ferrous 
salt. 

'  By  iiitr<.cliicinK  .r  and   v,  .iiid  iiitf.i;r;Uinn  l>i  n  t!u'  liii.its  x  ml 

1        K,  an  fxprrssion  for  V,    may  l.i-  obtainiMl ;    it    is   imt   h  >,h'Vit  of  a  nm 
vuiiient  form  for  cotiiputatioiis. 

■  In  comi.utinK  ily  <l  1  l>y  K<)Uatioii  14  it  iiuist  U-  ii..l.-.l  tliat  a'  ( 1       "  I  is  a 
fiitution  of  C.  they  arc  connt-cted  t)y  the  tiniation  of  i-,|uililirunn 

(."a      Const      II       "I, 
corresponiiing  to  the  reaction 

I   ~Vc       Kel. 

If  a  is  larKC,  ( 1       <>  1  a-  is  proi-.rtional  t..  (      tins  assumption  -  the  most  favor 
able  one  —  b.as  been  made  computing  1/1  dx  for  C  -    10  above. 
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If  it  Ix-  supposed  that  the  "  prinian- "  product  is  a  peroxide 
_  the  evidence  of  the  rate  measurements  (oxidation  of  FeSO^, 
pane  1 6)  in  favor  of  this  hypothesis  remains,  althoUKh,  as  has 
been  shown,  that  drawn  from  'he  liberation  of  iodine  will  not 
bear  exm..ination— increase  in  the  concentration  of  the  iodide, 
while  increasing  the  rate  of  the  main  reaction,  will  lessen  the 
rate  of  the  "  direct "  oxidation,  by  converting  Ke  ions  into  Fel, 
and  may  thus  diminish  the  supply  of  iodine  arising  from  second- 
ary decompositi....  of  the  peroxide.  The  rate  of  liberation 
of  iodine  will  thus  be  less  than  proportional  to  the  concentration 
of  the  iodide,  until  the  latter  is  great  enough  to  oispose  of  all  of 
the  Fe  ions.     From  then  on,  Ry  will  be  proportional  to  C. 

,1  conclusion,  I  wish  to  express  my  thanks  to   Prof.  W. 
Lash  Miller  for  the  interest  he  has  displayed  in  this  research. 

I  he  I  'nivetiity  of  Toronto, 
April,  igoj. 
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.V?  0.2  >;  K,I'\-(CN ),  ii>  20 


1.0 

1 

4.90 

S.IK) 

1.0 

1 

4  90 

S.IKJ 

1 .0 

s 

5 -55 

5.(10 

( > 

5 

0.00 

O..SO 

) 

15 

D.lK) 

7.00 

0 

20 

( ).()0 

7.21. 

Tahi.k  XIV. 
Kl.c-tc.  in  Kraiuinols    ■     10^^;  Tcinii.  ,V>'   C;   \',   ii><>  cc 


I'xpl.       Kl      II. SO,    KA'r^O;      I\"'     I'e"         0 


Thio. 


/  142  240  i.i/iS  o  o 

//  142  24(1  l.ijfiS  25  0 

///  142  241)  i>  2S  o 

/:■  142  240  i.i)(>S  o  4.i>7 


s 

O.l^l  ) 

.s 

i.V'O 

,s 

4.07 

.s 

H  f>I 

Tahi.i;  X\'. 
Ac,   10  ;  Cr,  20  ;   KI,  20  ;   F,  1.0  ;   \',  7(X)  ;   6       4 


Aul- 
as 


,1 
.V73 


1 1 
4-63 


21 
4-73 


•4' 


4.72 


S.70 


Tahi.k  XVI. 


Kxpt.   jlilvxpt.  ifiltl'Xiit    I4l!i:x|it.    iHKxpt.    9m;x]it.  23U 


0 

0.(X) 

O.l)0 

0.00 

O.lKI 

0.(X) 

o.(X) 

0.2 

I.S5 

I.S5 

1.70 

I.  So 

2.05 

'■75 

04 

3-, so 

3-.S" 

V'Hl 

3-2.S 

;,..Sn 

3'.S 

.).(■> 

S.OO 

4.S5 

3y<' 

♦  ■45 

5.50 

4.40 

o.S 

6.S5 

.s.f^.s 

4.50 

6.20 

7.0. 

— 

I.O 

7.70 

6.  So 

5.6.S 

7.10 

■^  7.S 

7  .^iO 

Cliniini'  aliiiM  was  umiI. 

Kcsults  ratlur  uncurtain,  bt-caii.-e  of  larj^c  icailuij,'  tii  "  blank" 


Soli,tl,>iis  io„l,iiii/>ix  /'.ri,ijn  Siilf^lhU,,  I- 1,. 


.VS 


Taiu.i    XVII. 
l^xpls.   saii'l  -..     A.-,  1...  Cr,  .'().   KI.  JO,  Ox.  5  ;  V.;.".; 

Ivx])!    ^.  !■       1  ";  I'-'^P'   '•■  '■      "  ''■ 
Kx,.t>.  .'.  an.l  .7.     Ac.  .m  ;  Cr.  Jn  ;  Kl,  .<,;(H.s;  \  .  7'- ; 

Kxpts.  14  :uul  15      Ac,  10  ;  Cr,  J..  ;   KI,  5  ••  t^^.  ^  •  ^  •  7"-' ; 

I'Xj.t.  14.  !•■       '  ":   '-^l'*-  '>•  ''       "  "^  ,. 

Kxpt.  ,^^.      Ar.   in;   Cr,  ->.-;    KI,  nunc;  Ox,  s;    \'       ^  <^  ■  ^  ■  7"<>- 
Kxpts.' I  aiu!  J.      Ac-,  m:  Cv.  1..;   KI.  J-.  Ox,  :;  :   \  ,   7'>"  : 

ICxpt.  I.  1-        I."  ;   I'-xpt    -■  '■'       "  :>■ 
Kxpt.  y.      Ac,  JO  ;   Cr,  Jo  ;    KI,  Jo  ;   Ox,   S  ;   l'        ■  '^  ^   ^  ■    7>«;- 
Kxpt.  2.V     Ac,  .0  ;  Cr,  JO  ;   KI,  :o  ;  Ox,  none  ;   F       .-o  ;  \  .  7«^- 


Hxpl.  ,S 
As  UilT.      !•"        '      1         >•     •■'        ' 


Kxvt.it-  Hxi-tM  Kxpt.^S  I;M''     '  '■■"I"    4  Kxi,t.2,A 


—  0.50          — 

—           o.Sj          —  0.30  0.44 

.f)2        o.So        0.70        0.S4  0.14  o..^3 

■5  0.07  0.18 

4.30      ,^,.40      0.3S       0.40      0.47       o.,u 
5.60      J.  15      0.J4 


0.2,S       —  — 

0.5  1.05  f'.^\S  iJ-^5 

1  I  90  .S.>»o  0.72 

2  vio  4'^"  0-54  "-55  ^>f'"  "-^-l  "■'•■'  ,,  ,, 
4  4.30  V40  0.3S  0.40  0.47  o.,u  0.60  -  O.I  2 
I  ti.  r,,  n.i       0.J6       o.:i7         -         "44       ""2         - 


30  7-7^^ 


Kxpt.  6 

Kxpt.  17 

Kxpt.  IS 

Kxpt.  2 

$ 

V       r 

I"       i 

1'       1 

1        « 

"•5 

0.44 

— — 

I 

o.:,6 

0. 39 

2 

0.27 

0.30 

O..U 

0.40 

4 

8 

0.  IS 

0.21 

0.26 

0.32 

0.08 

0.12 

0.18 

0.20 

I 


^f^ 


S<i//i//iii/s  (  'ontainini;  /\irous  Snlphnti\  I-Uc. 

Taulk  XVIII. 
Ox.  5;   F,  i.(i;   Vol.  71x1  cc 


I-lxjit. 


Ac 


Cr 


KI 


As 


I 

10 

10 

20 

120 

7.10 

J, 

15 

10 

20 

25 

«.35 

7 

20 

10 

20 

30 

8.80 

5 

10 

20 

20 

120 

7«5 

1 1 

15 

20 

20 

.V 

«35 

'.> 

20 

20 

20 

y^ 

S.75 

12 

lo 

y^ 

2(1 

25 

7-75 

10 

15 

.v 

2(1 

2(1 

8..VS 

14 

10 

2(1 

5 

180 

6.00 

16 

10 

20 

10 

I2t) 

7.(x) 

5 

10 

20 

20 

120 

785 

18 

10 

20 

3'^ 

"\5 

7.80 

Tadi.k  XIX. 
KI,  none  ;  Ox.  5  ;  K,  i.o  ;  V,  700 


I 

Ac, 

".X|it.   ,^4 
1(1  ;  Cr,  10 

1 

Ac, 

10;  Cr.  20 

Ac, 

xpt.  36 
20 ;  Cr,  10 

« 

;           As 

I        X 

*,' 

!     As 

.      .rl    *. 

As 

I        X 

*, 

0.0 

4-45 

'  I.o 

4-45 

I.o       — 

6.70 

1.0 

— 

"•5 

3.65 

o.(/i  '0.22 

3  65 

0.S2    0.44 

5- 18 

0.78    0.56 

1.0 

3.10 

0.85   0.17 

3.10 

0.70    0.43 

4.08 

0.61    0.64 

2.0 

2.75 

(1.75  0  16 

2,40 

0-54   0-43 

307 

0.45    0.61 

4.0 

2.25 

0.62 

0. 16 

1.50 

0.34    0.48 

2.15 

0.32 

0.62 

Tablk  XIX.* 


I'cSO. 

As  (Kxpt.  34) 
As  (Kxpt.  35) 
As  (Kxpt.  36) 

1.0      (18      0.7      0.6 
4.4  s       -      2.62      — 
442    3-55        -      2.85 
670     —      4  7^^     — 

0.4      0.3      0.25    0.0 
'■57               —      0.0 
1.90      -        1.20    0.0 
2.90    2.17     —      0.0 

■'  ^'  ;  • . 

.»• 

.r 

I 


(  lam  ( '.  IhnsoH 


37 


Tabi.k  XX. 


No. 


Ac 


Cr 


KI 


i 

^3" 

1 6 

2(. 

it 

2.V> 

;i 

2(> 

Hi 

440 

if> 

47 

iv 

If. 

4« 

J, 

225 

16 

'      4« 

:■/■ 

225 

16 

48 

1 7/ 

225 

16 

4S 

'Hi 

225 

16 

48 

ix 

440 

i(> 

47 

X 

230 

21) 

4H 

As  imU'. 

1' 

As 

(  je(|iiiv   ) 

5.16 

47.2 

.■i'    '^ 

5.15 

47-3 

.S'  7 

5"2 

47.  S 

.S"-4 

S.tl 

47-3 

,S'-3 

51 1 

4S.J 

5 '  ■  3 

5.1 1 

47-9 

.SI -3 

5.1 1 

47« 

.S '  3 

S.  I  1 

4,s.7 

51.- 

5- '4 

4S.6 

51.'- 

5- '5 

511.0 

,S>-7 

Tabi.k  XXI. 

Initial  A'v(oalc.) 

Initial  A'v 

C 

i"""! 

1.91                    *       «  44 

()t>s. 

5 

10 
20 
30 

i 
1 

i 

100                       «oo 

116                              113 
126                          "9 

ni                  127 

100 
170 
280 
405 

Table  XXII. 


5 

10 
20 
30 


I 


Initial  A> 

i 

Calc. 

Obs. 

KX) 

129 

'52           i 
162           ' 

100 
170 
,80 
405 

i««M*)«MBWip«i 


,    .L'J» 


^        ^    ..  i" 


3« 


C/ara  C.  licnsoii 


Table 

XXIII. 

\, 

Initial   h'y  (ca 

Ic.) 

ii 

V      0.5 

r       I 

V      0.5 

»•    2 

c 

V       ,.0 

h'y 

Ratio 

AV 

Ratio 

5 

lO 

20 

Obs. 

i       100 

;  227 

—     \ 

112. 8 
164.8 
186.2 
190.8 

'•'3 

0-73 

0.56 
0.53 
0.5 

564 
S24 

'n-  > 
95  4 

0.56 
0.36 
0.2S 
0.26 
05 

w 


i  ,^^ 


mt 


